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a b s t r a c t 
Several “anomalies” have been reported from a variety of experiments studying neutrino 
oscillations over short baselines (less than 1 km) since 1998. Even though not fully com- 
patible with each other, these results could possibly hint at the existence of at least one 
additional “sterile” neutrino state beyond the Standard Model picture of Particle Physics. 
In recent years signiﬁcant contributions to the search for sterile neutrinos have led 
to a narrowing of the region of the parameter space where all experimental results can 
be accommodated. However, the persistence of unexplained tensions together with the 
groundbreaking impact of the possible discovery of sterile neutrinos call for a conclusive 
experiment. 
© 2016 The Authors. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license 





 1. The backstory 
Neutrino Physics is a lively and exciting research ﬁeld that, despite its youth, has already traced a story dense with
surprising discoveries continuously undermining the basis of the theoretical models aimed at a comprehensive description
of the Particle Physics. 
The quantum-mechanical phenomenon of neutrino oscillations, originated by ﬂavour eigenstates (observables in the de- 
tection of ν interactions) being a superposition of mass eigenstates (driving the propagation of ν ’s in time and space), has
catalysed the interest of the greatest part of the neutrino community in the last decades. 
An intense experimental investigation, carried out with a broad variety of sources, energies, baseline lengths and detec-
tion techniques, has led to the establishment of a scenario consistent with the mixing of 3 neutrino ﬂavours ( νe , νμ, ντ )
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Table 1 
Most recent values of the parameters describing the 3-ﬂavours ν mixing. 
Parameter Best ﬁt value Note 
sin 
2 
(θ12 ) 0.304 
+0 . 014 
−0 . 013 
m 2 12 (7.53 ± 0.18) × 10 −5 
sin 
2 
(θ23 ) 0.514 
+0 . 055 
−0 . 056 Normal mass hierarchy 
0.511 ± 0.055 Inverted mass hierarchy 
m 2 23 (2.42 ± 0.06) × 10 −3 Normal mass hierarchy 
(2.49 ± 0.06) × 10 −3 Inverted mass hierarchy 
sin 
2 

























 where the mixing matrix U is parameterised in terms of three angles ( θ12 , θ23 , θ13 ), one Dirac CP-violating phase ( δ) and
possibly 2 Majorana CP-violating phases ( α21 , α31 ): 
U = 
( 
1 0 0 
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× diag(1 , e i α21 2 , e i α31 2 ) (2)
with c jk = cos (θ jk ) and s jk = sin (θ jk ) . 
In this framework the phenomenology of oscillations is thoroughly described by two relatively small squared mass dif-
ferences ( m 2 
i j 
= m 2 
i 
− m 2 
j 
), the neutrino energy E [MeV] and the propagation length L [m]: 
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The most recent determination of the values of all oscillation parameters, outcome of a global ﬁt of all experimental results,
is reported in Table 1 [1] . 
However a series of experimental anomalies, uncorrelated with each other but all hinting at oscillation phenomena
driven by values of the ( m 2 , sin 2 (2 θ )) parameters not compatible with the scenario depicted in Table 1 , has started cast-
ing shadows over the picture of 3 generations of neutrinos since the late 90’s ( Section 2 ). The attempt to give a plausible
explanation still without entering in conﬂict with the precision measurements of the decay width of Z 0 boson that limit the
number of active light neutrinos to 3 [2] , triggered the proliferation of theoretical and experimental quests for additional
sterile (i.e. not weakly interacting) ν states ( Section 3 ). Unexpectedly the results obtained so far, despite leading to sensible
advances in the comprehension of the problem, have not clariﬁed the mystery at all and have rather clouded the issue, for
instance in deepening the tension between appearance and disappearance effects. Hence, a new generation of experiments
is already under construction, with the speciﬁc purpose of addressing this enigma ( Section 4 ). 
2. The ﬁrst clues pointing out the enigma of sterile neutrinos 
The primary indications of neutrino oscillation phenomena that could not be interpreted within the three ﬂavours
scheme can be grouped into two distinct classes: 
• the observation of νe interactions in νμ beams produced at accelerators and propagated over short baselines
( Section 2.1 ), well beyond the intrinsic beam contamination ( LSND anomaly ); 
• a short baseline disappearance of low energy νe with respect to expectations ( Section 2.2 ), both at nuclear reactors
( reactor anomaly ) and from Mega-Curie radioactive ν sources in Gallium experiments originally designed to detect solar
neutrinos ( Gallium anomaly ). 
2.1. νe appearance: LSND anomaly 
At the outset of the era of neutrino oscillation physics, in the ﬂourishing of experiments scanning the parameter space,
a dedicated search for νμ → νe transitions was performed at the Los Alamos Neutron Science Center (LANSCE) [3] . 
The Los Alamos Meson Physics Facility (LAMPF) accelerator delivered a 1 mA proton beam at 798 MeV on a target/dump,
producing a large number of pions decaying into muons and then neutrinos. Since π− and μ− were promptly absorbed by
the Fe shielding and Cu beam stop, produced neutrinos came mainly from π+ → μ+ + νμ and μ+ → e + + νe + νμ
decays mostly ( > 95%) at rest, resulting in a pure νμ beam in the 20 < E ν < 60 MeV energy range with only ∼0.8 ‰ νe
contamination, whose ﬂuxes are well under control. 
The search for νe ’s was performed ∼30 m downstream of the target position, looking for inverse beta decay νe + p →
n + e − reactions in the 167 tons of liquid scintillator (mineral oil doped with 0.031 g/l of b-PBD) contained in the Liquid
Scintillator Neutrino Detector (LSND), consisting of an approximately cylindrical tank 8.3 m long by 5.7 m in diameter
whose internal surface was covered for the 25% by 1220 8 in. Hamamatsu phototubes (PMTs). The experimental signature
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Fig. 1. Left: regions of various conﬁdence for the combined analysis of KARMEN 2 and LSND experiments assuming statistical compatibility. Right: allowed 
regions in the (sin 2 (2 θnew ), m 2 new ) parameter space and corresponding marginal χ
2 ’s as obtained from the global ﬁt of all disappearance data; the 






















 of inverse beta decay, i.e. a prompt positron with a 52.8 MeV endpoint in coincidence with a correlated 2.2 MeV γ from
neutron capture, was identiﬁed exploiting both Cherenkov and scintillation light signals: combining PMT time and pulse-
height, tracks were reconstructed with an average RMS position resolution of ∼14 cm, an angular resolution of ∼12 ° and an
energy resolution of ∼7% at the Michel endpoint. 
After 5 years of data taking, in 1993 ÷ 1998, 89.7 ± 22.4 stat ± 6.0 sys νe candidate events were observed above back-
grounds, corresponding to an oscillation probability of (0.264 ± 0.067 stat ± 0.045 sys )%, where the systematic error accounted
for uncertainties in the backgrounds, neutrino ﬂux (7%) and e + and γ identiﬁcation eﬃciencies (both 7%) [4] . 
This outcome has to be compared with the null result of the twin KARMEN (Karlsruhe Rutherford Medium Energy Neu-
trino) experiment, also searching for νμ → νe oscillations with a liquid scintillator detector exposed to an almost pure
νμ beam produced by π+ decay at rest at the ISIS proton accelerator facility [5] . The most relevant difference w.r.t. LSND
experiment was the shorter propagation length of neutrinos, i.e. 17 m compared to 30 m. 
A combined Karmen-LSND analysis with a frequentist approach [6] , in the cases of statistical compatibility (64%), identi-
ﬁed essentially two solutions, one with m 2 < 1 eV 2 and the other at even larger values m 2 ∼ 7 eV 2 ( Fig. 1 , left). 
2.2. νe disappearance: reactor and Gallium anomalies 
In the 80’s and 90’s, several pioneering measurements of νe interactions were carried out looking for inverse beta de-
cay processes with detectors placed few tens of meters away from nuclear reactor cores at ILL-Grenoble [7] , Goesgen [8] ,
Rovno [9] , Krasnoyarsk [10] , Bugey [11,12] and Savannah River [13] , followed by medium baseline experiments at Palo Verde
[14] and CHOOZ [15] soon after. The observed event rates N obs , initially considered in good agreement with expectations
N pred , started to be interpreted as a signiﬁcative ∼7% deﬁcit compared to the predicted rates [16] as a consequence of the
reevaluation of speciﬁc reactor antineutrino ﬂux from ﬁssion of 235 U , 239 Pu , 241 Pu and 238 U isotopes, formerly biased in
the approximate treatment of nuclear data, and of the correction of the νe + p → n + e − cross section associated with
smaller values of the neutron lifetime [17,18] . The most recent updates to the predictions, properly taking into account
cross-correlations of the systematics among different experiments, indicated a slight reduction of the anomaly down to
R a v g = N obs N pred = 0.938 ± 0.023, corresponding to a 2.7 σ deviation from unity [19] . However, since the antineutrino spectrum
is inferred from a beta spectrum provided the knowledge of the linear combination of operators involved in the decay, the
end-point energy, and the nuclear charge, and considering that the ﬁssion beta spectra involve about 60 0 0 beta transitions,
of which about 1500 are forbidden, the knowledge of the reactor neutrino ﬂuxes might be further perfected, possibly leading
to a few percent increase of systematic uncertainties [20] . 














































 A similar indication for electron neutrino disappearance came to light in 1994 ÷ 1996 and were later conﬁrmed in 2004
with the calibration campaigns of the radiochemical 71 Ga detectors adopted by SAGE and GALLEX experiments to study solar
neutrino oscillations [21–23] . The procedure consisted in introducing intense artiﬁcial 51 Cr and 37 Ar sources in the centre of
the cylindrical detectors (0.7 and 1.9 m radius, 1.47 and 5 m height, respectively) and counting the number of 71 Ge isotopes
contaminating the 71 Ga as a consequence of the inverse beta decay νe + 71 Ga → 71 Ge + e − of neutrinos produced in the
0 . 4 ÷ 0 . 8 MeV energy range by the sources through k-capture reactions 
e − + 51 Cr → 51 V + νe (4)
e − + 37 Ar → 37 Cl + νe (5)
The combined ratio, between the detected neutrino rates and the ones predicted using the best-ﬁt values of the cross section
of the detection process calculated by Bahcall [24] but neglecting their uncertainties, results to be 0.86 ± 0.05, ∼2.7 σ from
unity [16] . The adoption of a more rigorous approach, taking into account the large uncertainties of the transitions to the
two excited states of 71 Ge leads to an even larger ∼3 σ signiﬁcance of the Gallium anomaly, [25] . 
If interpreted as a signature of ν oscillation, reactor and Gallium anomalies, in quite good agreement with each other,
become ingredient of a global ﬁt together with the upper bound for sin 2 (2 θ ) obtained from the data of solar neutrino
experiments and of the very-long-baseline reactor antineutrino experiment KamLAND, and with the disappearance searches
performed by LSND and KARMEN 2 [26] . The outcome is a series of allowed regions in the ( m 2 , sin 2 (2 θ )) parameter space
all for values of m 2  1 eV 2 : the lowest one, at 1 σ C.L., is around m 2  2 eV 2 and sin 2 (2 θ )  0.1, although there is
slight preference for m 2  7 . 6 eV 2 and sin 2 (2 θ )  0.12 as a best ﬁt ( Fig. 1 , right). 
3. New evidences leading to a tightening of the mystery 
A common explanation for both classes of anomalies described in the previous paragraph could reside in the existence
of at least one massive neutrino at the eV scale that drives short-baseline neutrino oscillations ruled by a m 2 ∼ 1 eV 2
squared-mass difference much larger than the solar m 2 ∼ 10 −4 eV 2 and atmospheric m 2 ∼ 10 −3 eV 2 regimes. However,
this additional state, if existing, is constrained to be sterile, i.e. not interacting neither weakly with other particles, since
measurements of the invisible width of the Z boson achieved at LEP [2] ﬁxed to 3 the number of possible distinct ﬂavours
of light active neutrinos. 
The impact of these ﬁndings, if conﬁrmed, would be dramatic not just for the soundly established 3-ﬂavours picture of
Neutrino Physics but for the entire Standard Model of Particle Physics and even beyond, f.i. in Cosmology on the role played
by sterile neutrino states in the evolution of the Universe. At the other end, the lack of an incontrovertible 5 σ effect, the
poor compatibility between LSND and KARMEN 2 results and the slight tension between appearance and disappearance data
barely emerging from the comparison of Fig. 1 left and right, prompted the community to tread carefully by deepening the
experimental investigation. 
A direct and independent cross-check of LSND signal was performed by the MiniBooNE experiment [27] , operated at
Fermilab for 10 years from 2002 to 2012 . Indeed its primary goal was the search for both νμ → νe and νμ → νe oscillations
with approximately the same L / E  1 value as LSND; however the exploitation of a “conventional” ν beam produced by
meson decay in ﬂight and peaked at energies E ν ∼ 500 MeV an order of magnitude higher than LSND, ensures a completely
uncorrelated framework in terms of background and systematics treatment. 
The Booster accelerator delivered 8 GeV protons, with a high intensity pulsed structure, on a 71 cm long Be target to
produce showers of mesons (essentially π and κ) that were focused or defocused, depending on their electrical charge, by
the horn toroidal magnetic ﬁeld before decaying along a 50 m long pipe. The resulting beam could therefore be either νμ
or νμ, with a ∼6% or ∼18% wrong sign contribution respectively, depending on the verse of the current circulation in the
horn, peaked at 600 MeV and 400 MeV, respectively; in both case the intrinsic electron contamination was of the order of
0.6%. 
The signature of νe or νe appearance was then researched 540 m downstream of the target, measuring the rate of
νe + C → e − + X charged current quasi elastic (CCQE) interactions in the 800 tons of mineral oil ( CH 2 ) contained in a
spherical tank with a 12.2 m diameter, covered for the 10% by the same 8 in. Hamamatsu phototubes (PMTs) used in LSND.
Event reconstruction and particle identiﬁcation were derived from the hit PMT charge and time information, exploiting both
Cherenkov and scintillation light signals [28] , and were mainly affected by the poor discrimination of charged current from
neutral current events due to an insuﬃcient identiﬁcation of electrons versus gammas. 
The analysis of 11.27 × 10 20 pot (protons on target) statistics collected in antineutrino mode revealed a 78.4 ± 28.5
events excess in the 200 < E ν < 1250 MeV energy range over expectations, corresponding to a 2.8 σ effect, with a good
shape agreement with LSND hypothesis. This results, adopting a likelihood-ratio technique for the ﬁt, in an allowed region
in the oscillation parameter space with a best ﬁt point at m 2 = 0 . 04 eV 2 and sin 2 (2 θ ) = 0.88. As for the 6.46 × 10 20
pot statistics collected in neutrino mode, instead, a 162.0 ± 47.8 events excess with respect to expectation was recorded in
the same energy interval, meaning a much larger 3.4 σ statistical signiﬁcance, but with an energy distribution dominated
by a low energy excess in the 200 < E ν < 475 MeV range, in evident contrast with LSND. This inconsistency reﬂected in an
allowed region in the oscillation parameter space around the best ﬁt value m 2 = 3 . 14 eV 2 and sin 2 (2 θ ) = 0.002, poorly
compatible with the other appearance data sets [29] . 














































 The unexpected and astonishing outcome of MiniBooNE experiment, further messed up an already chaotic situation,
originating an enthusiastic yet pressing rush to get some hints in the context of existing experiments, while waiting for
next generation experiments conceived on purpose to address short baseline anomalies. 
An important contribution has recently come from the search for νe appearance in a long baseline νμ beam operated
independently by ICARUS [30] and OPERA [31] experiments. ICARUS-T600 is a liquid Argon Time Projection chamber LAr-
PC with 476 tons of liquid Argon instrumented volume in which high resolution track imaging is derived from signals
produced on the TPC wires by electrons produced by charged particles ionising the LAr medium and drifted across the
entire detector volume by the application of a uniform electric ﬁeld. OPERA detector, instead, is composed by a magnetic
muon spectrometer and a target section, made of emulsion/lead Emulsion Cloud Chamber (ECC) modules, for a total mass
of 1250 tons, interleaved by scintillator Tracker Target planes. Both detectors were operated in the underground INFN-LNGS
Gran Sasso Laboratory exposed to the 732 km baseline CNGS (CERN to Gran Sasso) νμ beam, peaked in the 10 < E < 30 GeV
energy range with an electron component of less than 1%. The analysis of 6 × 10 19 pot and 5.25 × 10 19 pot statistics for
ICARUS and OPERA respectively allowed to rule out the possibility of anomalous oscillations on large part on the parameter
space allowed by LSND and MiniBooNE: the remaining region where there is overall agreement with the other νe appearance
experiments is restricted to a narrow region around m 2 = 0 . 5 eV 2 and sin 2 (2 θ ) = 0.005. 
As a matter of fact, it should be pointed out that Palazzo has recently proposed a reanalysis of the same data [32] with
a more complex 4-ﬂavours treatment: including interference terms between the new mixing angle with sterile states and
the atmospheric mixing angle, as well as additional suppression of the intrinsic νe contamination of the beam due to νe 
disappearance into sterile, upper bounds on θμe are relaxed by a factor 3. This however as no consequences at all on the
global considerations that follows. 
Another search for light sterile neutrino mixing, but in terms of νe disappearance has been recently performed with the
ﬁrst 217 days of data from the Daya Bay Reactor Antineutrino Experiment [33] . It exploits a complex yet unique conﬁguration
of multiple baselines from six 2.9 GW th nuclear reactors two near (512 m and 561 m baselines) and one far (1579 m) un-
derground experimental halls, where a total of 6 three-zone detectors submerged in pools of ultrapure water instrumented
with PMTs are used to identify reactor antineutrinos via the inverse β-decay reaction looking for the coincidence of prompt
( e + ionisation and annihilation) and delayed ( n capture on Gd) signals. Since relative spectral distortions due to the disap-
pearance of electron antineutrinos were found to be consistent with that of the standard three-ﬂavour oscillation scheme, it
was possible to derive the presently most stringent limits on sin 2 (2 θ ) in the largely unexplored 10 −3 < m 2 < 0 . 1 eV 2 . 
To conclude with, it will be just mentioned that T2K experiment as well has recently conducted a similar search [34] ,
but without getting any competitive result mainly due to the much poorer statistics collected at accelerators with respect
to reactor sources. 
The ﬂourishing of experimental hints, although useful for exploring the entire parameter space one tile at a time and
providing a growing number of inputs to global ﬁt procedures, has highlighted a deepening tension between appearance
and disappearance data sets, which at presents seems the most threatening structural weak point in the hypothesis of
sterile neutrinos [35] . 
Several theoretical models have been proposed to embrace the entire experimental landscape, from the simplest exten-
sion of the Standard Model with only 1 sterile neutrino (3 + 1) to more complex scenarios with additional states in several
schemes of mass ordering. None of them, however, has gathered a general consensus up to now. As a reference, in Fig. 2
global ﬁts for the simplest (3 + 1) case in the (sin 2 (2 θ e μ), m 2 new ), (sin 2 (2 θ ee ), m 2 new ) and (sin 2 (2 θμμ), m 2 new ) planes
are reported in the pragmatic approach that excludes the MiniBooNE excess in the low energy bins, ascribing it to a reason
other than oscillations [36] . 
4. Towards the unravelling of the puzzle 
An impressive amount of ideas for new experimental programs speciﬁcally dedicated to settle the debate on short base-
line oscillations have arose in the recent years. 
(i) Reactor experiments will investigate νe disappearance at L / E ∼ 1 m/MeV, looking for an oscillation pattern imprinted
in the energy distribution of events [37] . Neutrino interactions will be reconstructed by the coincidence of promo and
delay signals of the ﬁnal state of inverse beta decay reactions in liquid scintillator detectors, doped with Gd or 6 Li
and possibly highly segmented, positioned at distances of the order of 10 m from high intensity nuclear reactors cores
(Nucifer [38] , Poseidon [39] , DANSS [40] and SoLid [41] ); solutions with moving detectors have been also proposed
(Stereo [38] , Neutrino4 [42] , Hanaro [43] and Prospect [44] ). 
(ii) Searches for νe and νe disappearance will be carried out as well exploiting radioactive sources placed near or inside
large liquid scintillator (SOX [45] , KamLAND [46,47] , Daya Bay [33] , LENS [48] and Juno [46] ), radiochemical (BEST
[49] ) or bolometer (RICHOCET [50] ) detectors [51] . In case of monochromatic νe ’s generated by nuclear electron cap-
ture ( 51 Cr ) variations of the neutrino detection probability will be measured as a function of distance from the source,
while in case of a continuous spectrum generated by nuclear β decay ( 144 Ce) also distortions in the neutrino spectrum
will be appreciable. 
(iii) Experiments at accelerators feature the unique possibility to address both νe appearance and νμ disappearance at
the same time [52] . These investigations will be based on νμ/ νμ beams produced by π / μ/ κ decay at rest (OscSNS
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Fig. 2. Allowed regions in the (sin 2 (2 θ e μ), m 2 new ), (sin 
2 (2 θ ee ), m 2 new ) and (sin 
2 (2 θμμ), m 2 new ) planes obtained in the pragmatic (3 + 1) global ﬁt of 
short-baseline neutrino oscillation data compared with the 3 σ allowed regions obtained from νe appearance (APP) and disappearance ( νe DIS) data, from 







 [53] and JPARK-MLF [54] ), μ decay in ﬂight (nuSTORM [55] ) and isotope decay at rest (ISODAR [56] ), beyond the
conventional π decay in ﬂight (SBN [57] ). 
In particular, the Short Baseline Neutrino (SBN) program at Fermilab will exploit 3 “identical” liquid Argon Time Projec-
tion Chamber detectors, i.e. the existing ICARUS-T600 (476 tons active mass) and MicroBooNE (89 tons active mass) plus a
third one to be built anew (LAr1-ND, 82 tons active mass), along the ∼800 MeV νμ beam produced by the Booster Neutrino
Beamline (BNB), in far (600 m), intermediate (470 m) and near (110 m) positions from the neutrino production point, re-
spectively. Thanks to signiﬁcative cancellation of systematics related f.i. to neutrino ﬂux and cross section or detector effects,
it is expected to explore the ( m 2 new , sin 
2 (2 θnew )) parameter space region relevant to the sterile neutrino anomaly at a ∼5
σ conﬁdence level for 6.6 × 10 20 pot event statistics to be collected in 3 years of data-taking starting from 2018 ( Fig. 3 ). 
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